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ABSTRACT
We present three-dimensional simulations of the core-collapse of massive rotating and
non-rotating progenitors performed with the general relativistic neutrino hydrodynam-
ics code CoCoNuT-FMT and analyse their explosion properties and gravitational-
wave signals. The progenitor models include Wolf-Rayet stars with initial helium star
masses of 39 M and 20 M, and an 18 M red supergiant. The 39 M model is a rapid
rotator, whereas the two other progenitors are non-rotating. Both Wolf-Rayet models
produce healthy neutrino-driven explosions, whereas the red supergiant model fails to
explode. By the end of the simulations, the explosion energies have already reached
1.1 × 1051 erg and 0.6 × 1051 erg for the 39 M and 20 M model, respectively. The ex-
plosions produce neutron stars of relatively high mass, but with modest kicks. Due
to the alignment of the bipolar explosion geometry with the rotation axis, there is
a relatively small misalignment of 30◦ between the spin and the kick in the 39 M
model. In terms of gravitational-wave signals, the massive and rapidly rotating 39 M
progenitor stands out by large gravitational-wave amplitudes that would make it de-
tectable out to almost 2 Mpc by the Einstein Telescope. For this model, we find that
rotation significantly changes the dependence of the characteristic gravitational-wave
frequency of the f-mode on the proto-neutron star parameters compared to the non-
rotating case. The other two progenitors have considerably smaller detection distances,
despite significant low-frequency emission in the most sensitive frequency band of cur-
rent gravitational-wave detectors due to the standing accretion shock instability in the
18 M model.
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1 INTRODUCTION
Multi-dimensional simulations of core-collapse supernovae
(CCSNe) have advanced rapidly in recent years (See Mu¨ller
2016; Janka et al. 2016 for recent reviews), with many sim-
ulations focusing on three-dimensional (3D), non-rotating,
neutrino-driven explosions. The neutrino-driven explosion
mechanism involves some re-absorption of the emitted neu-
trinos behind the stalled shock, which revive the shock wave
and power the explosion (Janka 2012; Burrows 2013). Suc-
cessful neutrino-driven shock revival has now been observed
in multiple 3D simulations employing different codes and
a range of progenitor parameters (e.g. Melson et al. 2015;
Lentz et al. 2015; Takiwaki et al. 2014; Ott et al. 2018; Mu¨ller
et al. 2017, 2019; Burrows et al. 2020; Powell & Mu¨ller 2019;
Burrows et al. 2019; Walk et al. 2019).
The frequency range of the gravitational waves emit-
? E-mail: dr.jade.powell@gmail.com
ted in neutrino-driven explosions makes CCSNe a promising
source for current ground based gravitational-wave detec-
tors, such as Advanced LIGO (aLIGO; The LIGO Scientific
Collaboration et al. 2015) and Advanced Virgo (AdVirgo;
Acernese & et al. 2015), and planned future detectors like
the Einstein Telescope (ET; Punturo et al. 2010). Recent
3D simulations of neutrino-driven CCSNe have shown that
the dominant feature of the gravitational-wave emission is
due to the quadrupolar surface g-mode of the proto-neutron
star (PNS), which is excited by the hydrodynamical instabil-
ities inside and outside the PNS (Murphy et al. 2009; Mu¨ller
et al. 2013; Cerda´-Dura´n et al. 2013; Andresen et al. 2017;
Kuroda et al. 2016). At lower frequencies (below ∼ 200 Hz),
there may be further features associated with the stand-
ing accretion shock instability (SASI) (Blondin et al. 2003;
Blondin & Mezzacappa 2006; Foglizzo et al. 2007).
The majority of successful 3D neutrino-driven CCSN
simulations are explosions of non-rotating progenitor models
with zero-age main sequence (ZAMS) masses in the range of
© 2020 The Authors
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10 M to 30 M. To fully cover the CCSN parameter space,
further 3D simulations of higher mass stars are required.
Whether and when such massive stars directly form black
holes, or explode and leave massive neutron stars, or a black
hole due to fallback, is an open question. Simulating CCSNe
with larger progenitor masses will also enable us to further
study the relationship between compactness and explodabil-
ity found in previous studies (O’Connor & Ott 2011). In-
triguingly and in contrast to O’Connor & Ott (2011), a num-
ber of 3D neutrino-driven simulations (Chan et al. 2018; Ott
et al. 2018; Kuroda et al. 2018; Burrows et al. 2020, 2019;
Walk et al. 2019) observed shock expansion in some progen-
itors with rather massive and compact cores. From the point
of view of gravitational-wave astronomy, high-mass progen-
itors are particularly interesting because they are expected
to explode more energetically (Mu¨ller et al. 2016a), which
will result in stronger gravitational-wave emission (Mu¨ller
2017; Powell & Mu¨ller 2019; Radice et al. 2019). Progenitor
models with large compactness parameters are also expected
to more closely reproduce the observed levels of 56Ni (Suwa
et al. 2019).
Further to this, as most studies of neutrino-driven ex-
plosions have used non-rotating models, the effects of ro-
tation on the explosion dynamics, remnant properties, and
multi-messenger observables are not well understood. Most
stars are thought to be slowly rather than rapidly rotating
(Deheuvels et al. 2014; Beck et al. 2012). However, the ro-
tation rate of a progenitor star at core-collapse may have
a significant impact on the characteristics and mechanism
of the explosion, the multi-messenger observable emission,
and the nature of the compact remnant. The first 3D simu-
lations of neutrino-driven explosions in rotating progenitors
suggest that rotation can play a supportive role for shock re-
vival even without invoking magnetic fields (Takiwaki et al.
2016; Janka et al. 2016; Summa et al. 2018). In particular,
a violent corotation instability can develop for sufficiently
high rotation rates (Takiwaki et al. 2016). In the presence of
strong magnetic fields or fast field amplifications, powerful
magnetorotational explosions might develop, and the sub-
sequent evolution may lead to the launching of relativistic
jets either from a millisecond magnetar (Usov 1992) or from
an accretion disk in the collapsar scenario (MacFadyen &
Woosley 1999b). While first 3D simulations of such mag-
netorotational explosions have become possible (Winteler
et al. 2012; Mo¨sta et al. 2014), many uncertainties remain
about the initial field strength and topology, the initial rota-
tion profiles, field amplification and non-ideal effects (Guilet
et al. 2015), and the stability of MHD-driven jets (Mo¨sta
et al. 2014).
The gravitational-wave signal from the bounce and
early post-bounce phase in rapidly rotating progenitors has
already been studied extensively in 2D and 3D and is well
understood (Ott et al. 2007; Cerda´-Dura´n et al. 2007; Dim-
melmeier et al. 2008; Scheidegger et al. 2010; Abdikamalov
et al. 2014; Richers et al. 2017; Takiwaki & Kotake 2018; Pa-
jkos et al. 2019). 3D studies of the gravitational-wave signal
from the later post-bounce phase have recently become avail-
able (Kuroda et al. 2014; Takiwaki & Kotake 2018; Shiba-
gaki et al. 2019; Andresen et al. 2019). However, some of
these studies do not include general relativity, or are stopped
before 300 ms when the amplitudes of the gravitational-wave
signals are still growing. These studies have shown that ro-
tation is expected to significantly increase the amplitude of
the gravitational-wave emission.
In this paper, we seek to produce long-duration, 3D sim-
ulations of very massive progenitors including rotation, gen-
eral relativity, and multi-group neutrino transport to bet-
ter understand the progenitor regime from which we expect
the strongest gravitational-wave signals, thus complement-
ing our previous study in Powell & Mu¨ller (2019). We per-
form two CCSN simulations of Wolf-Rayet stars in 3D with
the neutrino hydrodynamics code CoCoNuT-FMT. The
first is a rapidly rotating star with an initial helium star
mass of 39 M. We show that this model produces a powerful
neutrino-driven explosion due to rotational support without
the aid of magnetic fields. Our second model is a Wolf-Rayet
star with an initial helium star mass of 20 M.
The high mass and (in one case) rapid rotation of the
models allow us to estimate the maximum distance at which
ground-based gravitational-wave detectors will be sensitive
to neutrino-driven CCSNe. Further to this, we include a
smaller 18 M ZAMS star that differs from our previous
18 M model in Powell & Mu¨ller (2019) by not including
perturbations from the convective oxygen shell. As a result,
this model develops strong SASI after collapse, which pro-
duces gravitational waves in the optimum sensitivity range
for aLIGO and AdVirgo. We use this model to determine if
the SASI increases detectability of gravitational-wave signals
in comparison to our other convection-dominated models.
The outline of our paper is as follows: In Section 2, we
describe the setup of our simulation and outline the details
of our neutrino hydrodynamics code. In Section 3, we de-
scribe in more detail our progenitor models. In Section 4,
we describe the explosion dynamics including the effects of
rotation, and we discuss the properties of the PNS in Sec-
tion 5. We show the gravitational-wave emission in Section
6, and estimate the detectability of our models. A conclusion
and discussion are given in Section 7.
2 SIMULATION METHODOLOGY AND
SETUP
We carry out 3D simulations using the neutrino hydrody-
namics code CoCoNuT-FMT. For the equations of hydro-
dynamics, we use a general relativistic finite-volume based
solver in spherical polar coordinates (Mu¨ller et al. 2010;
Dimmelmeier et al. 2002). It employs the xCFC approxima-
tion for the space-time metric (Cordero-Carrio´n et al. 2009).
We use the fast multigroup neutrino transport method de-
scribed in Mu¨ller & Janka (2015), including the updates
listed in Powell & Mu¨ller (2019).
We use a spatial resolution of 550x128x256 and 21 en-
ergy groups. We use the Lattimer and Swesty equation of
state, with a bulk incompressibility of K=220 MeV, at high
densities (Lattimer & Swesty 1991). At low density, we
use an equation of state accounting for photons, electrons,
positrons, and an ideal gas of nuclei together with a flashing
treatment for nuclear reactions (Rampp & Janka 2002).
MNRAS 000, 1–12 (2020)
3Model MHe (M) ωc (km s−1) Mby (M) Mgrav (M) Eexpl (1050erg) vpns (km s−1) α
m39 39 0.542 2.04 1.77 11.0 127.4 30.5
y20 20 0 1.75 1.55 5.9 52.2 70.9
s18np 5.3 0 1.86 1.64 0 0 0
Table 1. MHe is the initial helium star mass. ωc is the central angular velocity at the pre-collapse stage. Mby in the final baryonic mass
and Mgrav is the final gravitational mass. Eexpl is the final explosion energy. vpns is the final kick velocity, and α is the angle between the
spin and kick.
3 PROGENITOR MODELS
3.1 Model m39 – Rapidly Rotating Wolf-Rayet
Star
Our first model, m39, is a rapidly rotating Wolf-Rayet star.
It has an initial helium star mass of 39 M, with 22 M left at
the time of collapse (Aguilera-Dena et al. 2018). The model
was evolved with the Modules for Experiments in Stellar
Astrophysics (MESA) stellar evolution code (Paxton et al.
2011). It rotates rapidly with an initial surface rotation ve-
locity of 600 kms−1 and has a metallicity of 1/50 Z. During
the collapse phase, we evolve this model in 2D until bounce,
and then map to 3D, adding random perturbations in den-
sity to break axial symmetry. We end the simulation of this
model at 0.98 s after core bounce.
3.2 Model y20 – Non-Rotating Wolf-Rayet Star
Yoon (2017) produced stellar evolution models for Wolf-
Rayet stars with an initial helium mass range of 4 − 25 M
using the binary evolution code BEC (Wellstein et al. 2001).
For our second model, y20, we use the 20 M, non-rotating,
solar metallicity helium star from this study. It was evolved
with the mass-loss prescription of Nugis & Lamers (2000),
which results in a final helium core mass of 10 M after wind
loss. We end the simulation of this model at 1.2 s after core
bounce.
3.3 Model s18np – Massive Red Supergiant
Progenitor
Our third model, s18np, is a non-rotating, solar metallicity
star with a ZAMS mass of 18 M (Mu¨ller et al. 2016b). It was
evolved up to the onset of collapse with the stellar evolution
code KEPLER (Weaver et al. 2017). This model has been
simulated previously in Mu¨ller et al. (2017), however the
gravitational-wave emission was not calculated as the PNS
convection zone was simulated in spherical symmetry. Dif-
ferent from the 18 M model that we simulated in Powell &
Mu¨ller (2019), this model does not include strong pre-shock
density perturbations from convective oxygen burning. As
a result, the shock is not revived, and strong SASI activ-
ity develops and is maintained for hundreds of milliseconds.
Since the SASI produces gravitational waves in the opti-
mum sensitivity range for ground based gravitational-wave
detectors, this model allows us to explore the effects of the
SASI on the detectability of the gravitational-wave signal.
We end the simulation at 0.56 s after core bounce after the
amplitude of the gravitational-wave emission has decreased
significantly.
4 EXPLOSION DYNAMICS
The evolution of the three models is illustrated by merid-
ional 2D slices at selected times (Figure 1), and by plots of
the average shock radius and the explosion energies in Fig-
ure 2. Models m39 and y20 both undergo neutrino-driven
shock revival about 200 ms after core bounce. Both models
are characterised by a bipolar explosion geometry. Model
s18np has not undergone shock revival by the end of the sim-
ulation (0.56 s after bounce), and shows long-standing activ-
ity of the SASI spiral mode. The large accretion shock radii
at early post-bounce times and the precipitous explosions
of the two massive Wolf-Rayet progenitors warrants some
critical discussion about the potential role of our transport
approximation and other physical uncertainties that may af-
fect the simulations. The fate of models m39 and y20 is rem-
iniscent of other massive models in other recent works. (Ott
et al. 2018; Burrows et al. 2020, 2019), in which the accre-
tion shock radius expands continuously in the post-bounce
phase and reaches large radii of 200 km and above early on.
This suggests that such early shock revival as seen for m39
and y20 is plausible. A possible explanation for the unusu-
ally large early shock radii comes from the time dependence
of the mass accretion rate ÛM (Figure 3), and points to struc-
tural differences in the progenitor core between the MESA
progenitor models y20 and m39 on the one hand, and the
Kepler model s18np on the other hand. In model s18np, the
decline of the mass accretion rate slows down more recog-
nisably from about 80 ms onward with a visible kink in the
curve, whereas the decline of ÛM slows less appreciably in y20
and m39. It is during this phase that model s18np diverges
decisively from the other two.
However, the shock radius in models y20 and m39 is
already larger immediately after bounce. This may be con-
nected to to a deficiency of the deleptonisation scheme of
Liebendo¨rfer (2005) that we use during the collapse phase,
which tends to overestimate the mass of the homologous in-
ner core for higher progenitor core entropies (Dimmelmeier
et al. 2008), and thus produces an overly energetic bounce.
Furthermore, our models may overestimate the PNS and ac-
cretion shock radius somewhat because we neglect electron
neutrino pair annihilation as a source for heavy flavour neu-
trinos (Buras et al. 2003) and hence underestimate the cool-
ing of the neutron star mantle. On the other hand, models
m39 and y20 do not include convective seed perturbations
in the progenitor or magnetic fields, both of which could
MNRAS 000, 1–12 (2020)
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Figure 1. From top to bottom we show 2D slices of the entropy for models m39, s18np and y20. For model m39 we show the entropy
at 72 ms, 170 ms, and 956 ms after bounce. For model s18np we show the entropy at 124 ms 310 ms and 514 ms after bounce. For model
y20 we show the entropy at 95 ms 195 ms and 1065 ms after bounce.
be beneficial for early shock revival. Clearly, more work is
needed to reliably determine the fate of progenitors with
such massive helium cores. However, the present models can
tentatively teach us about the expected explosion and com-
pact remnant properties and the gravitational-wave signals
from these massive progenitors provided that they explode
reasonably early.
The models did not reach their final explosion en-
ergies before the end of the simulation, however model
m39 has already reached over 1051 erg, and model y20 has
reached 6×1050 erg, which are much larger values than those
found in most other modern 3D simulations of neutrino-
driven explosions. This is encouraging and demonstrates
that neutrino-driven explosions need not be underenergetic,
and can reach typical explosion energies of normal hydrogen-
rich and stripped-envelope supernovae (Kasen & Woosley
2009; Pejcha & Prieto 2015; Taddia et al. 2018). With a
growth rate of 1051 erg s−1, the final explosion energy of
model m39 may well be considerably higher than the canon-
ical value of 1051 erg.
Combined with similar findings by other groups, who
also observed shock revival in progenitors with massive cores
in 3D simulations (Ott et al. 2018; Kuroda et al. 2018), this
raises broader questions about the nature of hypernova ex-
plosions. Considering efficiency limitations of the neutrino-
driven mechanism (Janka 2012; Sukhbold et al. 2016; Mu¨ller
et al. 2016a), it is unlikely that neutrino heating alone is
sufficient to achieve hypernova energies, which are of or-
der ∼ 1052 erg (Iwamoto et al. 1998; Soderberg et al. 2006).
However, while the favoured explanation for hypernova ex-
plosions in the magnetorotational paradigm (Winteler et al.
2012; Mo¨sta et al. 2014; Obergaulinger & Aloy 2020) relies
on magnetic fields from the outset, it may still be possible
that neutrino heating plays a dominant role during the early
MNRAS 000, 1–12 (2020)
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Figure 2. (Left) Average shock radius for all simulations. Models m39 and y20 explode about 200 ms after core bounce. Model s18np
had not achieved shock revival by the end of the simulation. (Right) The explosion energy of m39 and y20. Both models have not yet
reached their final explosion energies by the end of the simulation.
phase of hypernova explosions by triggering shock revival
and already delivering part of the explosion energy (which
is along the lines of a hybrid regime between neutrino-driven
and MHD-driven explosions suggested by Burrows et al.
2007). Magnetic field effects could take over later to de-
liver the bulk of the explosion energy and launch relativistic
jets either from a millisecond magnetar (Usov 1992) or from
a collapsar disk (MacFadyen & Woosley 1999a). In future,
models like m39 need to be continued for a longer duration
to determine to what extent a neutrino-driven “precursor”
explosion can already contribute to hypernova energies.
For the sake of completeness, we also show the neu-
trino luminosities and mean energies in Figure 4. In the
first 200 ms, model m39, which has by far the biggest core
among the three models, reaches very high neutrino lumi-
nosities. After the onset of the explosion in models m39 and
y20, model s18np has much larger neutrino luminosities and
neutrino energies than the other models. The switch in the
hierarchy of the models (with model s18np overtaking model
m39 in terms of luminosity and mean energies) is a natural
consequence of the different mass accretion rates. All the
models show the characteristic drop in the mass accretion
rate that is associated with the infall of the Si/O layer. For
models y20 and m39, this drop triggers shock revival, and
they continue to accrete some mass only at a low level until
the end of the simulation. The mass accretion rate for model
s18np remains high towards the end of the simulation.
5 REMNANT PROPERTIES
The baryonic PNS masses for all models are shown in Fig-
ure 3 and Table 1, (although the PNS mass for the non-
exploding model s18np is of less interest for comparing with
the observed neutron star population). The exploding mod-
els m39 and y20 have almost asymptoted to their final mass
values of 2.04 M and 1.75 M respectively, provided that
there is no late time fallback. Their masses are within the
range expected from observations (O¨zel & Freire 2016; Far-
row et al. 2019).
In Figure 5, we show the neutron star kicks and the an-
gle α between the spin and kick direction. For evaluating the
kick and spin, we followed the procedure of Wongwathanarat
et al. (2013); Mu¨ller et al. (2019).
The kick velocities for both model m39 and y20 have
not reached their final values before the end of the simula-
tion times. The kick velocities at the end of the simulations
are within the observed distributions of neutron star kicks
(Hobbs et al. 2005; Faucher-Gigue`re & Kaspi 2006; Ng & Ro-
mani 2007). In fact, the kick velocities are rather on the low
side of the observed mean value of ∼ 265 km s−1 (Hobbs et al.
2005; Faucher-Gigue`re & Kaspi 2006; Ng & Romani 2007).
Model m39 has only reached a kick velocity of 127 kms−1
by the end of the simulation, and the kick for y20 is even
smaller. These rather lower kick velocities are the result of
the bipolar explosion geometry of both models (Figure 1).
The low kick velocities have implications for the proposed
correlation between explosion energy and kick velocity (Bray
& Eldridge 2016; Janka 2017a; Vigna-Go´mez et al. 2018).
Our results constitute further evidence that this correlation
is not a tight one. More likely, the explosion energy only de-
termines the maximum attainable kick velocity, below which
one expects a distribution of kicks depending on the degree
of unipolarity or bipolarity (Mu¨ller et al. 2019).
The evolution of the spin-kick angle α in model m39
is noteworthy. Observations have suggested that the birth
spins and kicks of neutron stars tend to be aligned (John-
ston et al. 2005; Ng & Romani 2007; Noutsos et al. 2013).
However, even though hydrodynamic mechanisms for spin-
kick alignment have been proposed (Janka 2017b), no trend
towards spin-kick alignment has been observed so far in 3D
CCSN simulations of non-rotating progenitors (Wongwatha-
narat et al. 2013; Mu¨ller et al. 2019). For our non-rotating
explosion model y20, we also find a large angle α ≈ 70◦
between the spin and kick. For the rapidly rotating model
m39, however, the spin-kick angle stays at about α ≈ 30◦.
In this case, spin-kick alignment comes about because the
bipolar outflows are aligned with the initial rotation axis,
which is not changed appreciably by asymmetric accretion
onto the PNS. This suggests that progenitor rotation could
play a role in explaining spin-kick alignment (provided that
the observational evidence remains robust). However, even
for model m39, the spin-kick alignment is not perfect, and
is not clear whether the polar alignment of the outflows is a
MNRAS 000, 1–12 (2020)
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Figure 3. (Left) The mass accretion rate. Models m39 and y20 experience a sharp drop in mass accretion when the shock is revived,
but continue to accrete some mass until the end of the simulation. Model s18np has a high mass accretion rate up to the end of the
simulation. (Right) Baryonic mass of the PNS. The PNS mass of model s18np is still increasing due to the high accretion rate. Models
y20 and m39 have asymptoted to their final values.
2
4
6
8
10
Ne
ut
rin
o 
lu
m
in
os
ity
 (1
05
2 e
rg
s
1 ) m39
s18np
y20
0.2 0.4 0.6 0.8 1.0 1.2
time after bounce (s)
8
10
12
14
16
18
20
Ne
ut
rin
o 
m
ea
n 
en
er
gy
 (M
eV
)
e
e
X
Figure 4. Neutrino luminosities (top) and mean energies (bot-
tom) of νe (solid), ν¯e (dashed), and heavy flavour neutrinos νX
(dotted) for models m39, s18np and y20.
robust feature for rotating progenitors. In fact, some previ-
ous 3D supernova simulations of rotating progenitors rather
find that the explosion develops preferably in the equato-
rial plane (Takiwaki & Kotake 2018; Summa et al. 2018).
Clearly, more simulations are required to determine the im-
plications of rotation for the explosion morphology and spin-
kick alignment.
6 GRAVITATIONAL WAVE EMISSION
The gravitational-wave emission for our models, as measured
by an observer at the pole and the equator, is shown in Fig-
ure 6. The high mass and rotation of model m39 results in
high gravitational-wave amplitudes of up to 40 cm at the
pole and over 100 cm at the equator. Model y20 reaches am-
plitudes of ∼ 10 cm at the pole, and ∼ 18 cm at the equa-
tor. Model s18np has a much lower amplitude of ∼ 5 cm at
the equator, due to the lack of shock revival in this model,
however its prompt convection signal in the direction of the
equator reaches amplitudes as high as model y20.
All of our models show gravitational-wave emission as-
sociated with prompt convection. Prompt convection occurs
shortly after bounce time due to an unstable negative en-
tropy gradient created by the weakening of the prompt shock
and large neutrino losses during the neutronisation burst
(Bruenn & Mezzacappa 1994). Models y20 and m39 both
have strong prompt convection signals shortly after bounce
that are visible only in observer angles towards the poles.
Model s18np shows a signal due to prompt convection at all
angles. The emission due to prompt convection occurs only
for the first few ms at frequencies below 200 Hz. In model
m39, there is also power at higher frequencies > 500 Hz as
expected from a rotational core bounce (Dimmelmeier et al.
2007). The frequency of this signal is set by the fundamental
l = 2 mode of the PNS (Fuller et al. 2015), but the power of
this components is spread across a wider range in frequency.
This could suggest that either higher-frequency p-modes are
excited during bounce, or may simply be a signal analysis
artefact related to the short duration of the bounce signal
and/or to edge effects. After shock revival, we find a large
tail from asymmetric shock propagation (Murphy et al. 2009;
Mu¨ller et al. 2013) that occurs in the emission of model y20,
and a smaller tail is observed in model m39.
The time-frequency structure of all three models show
the characteristic emission that is typically associated with
MNRAS 000, 1–12 (2020)
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Figure 5. (Left) The kick velocities of models m39 and y20. They do not reach their final values before the end of the simulation.
(Right) Evolution of the angle between the spin and kick direction. We plot the spin-kick angle only once the explosion energy reaches
a significant positive value and the spin and kick direction do not vary rapidly any more.
f-mode oscillations of the PNS (e.g. Murphy et al. 2009;
Mu¨ller et al. 2013; Morozova et al. 2018). Previous studies
have shown that the gravitational-wave frequency of the f-
mode is given by,
f ≈ 1
2pi
GMby
R2pns
√
1.1
mn
〈Eν¯e 〉
(
1 − GMby
Rpnsc2
)2
, (1)
where Mby is the baryonic mass of the PNS, Rpns is the ra-
dius of the PNS, mn is the neutron mass, and Eν¯e is the elec-
tron antineutrino mean energy (Mu¨ller et al. 2013). We find
that this approximation of the f-mode frequency matches
well with our models y20 and s18np during the high am-
plitude periods of the gravitational-wave emission. In model
s18np, the f-mode rises in frequency more rapidly than in our
other models, but its amplitude peaks at a lower frequency of
∼ 360 Hz because the f-mode only experiences strong forcing
early on before the shock retracts and the mass and turbu-
lent kinetic energy in the gain region shrink. Model y20 also
has a lower frequency mode that is clearly visible in the spec-
trogram after about 0.9 s, and decreases slowly in frequency
up to the end of the simulation. The frequency trajectory
for this mode is compatible with a g-mode or hybrid mode
(Torres-Forne´ et al. 2018; Morozova et al. 2018).
The higher f-mode frequency trajectory in model s18np
compared to model y20 is easily understood as a consequence
of the steeper rise of the PNS mass in this non-exploding
model. The f-mode frequencies in our rotating model m39
are puzzling at first glance. Due to the high PNS mass and
only modestly high neutrino mean energies (lower than for
model s18np), one would except a very high f-mode fre-
quency. However, a quantitative analysis shows that Equa-
tion (1) no longer provides a good approximation of the
frequency of the gravitational-wave emission for this model.
The amplitude of the f-mode emission for model m39 is high-
est at a frequency of ∼ 750 Hz, but Equation (1) predicts
higher frequency gravitational-wave emission of ∼ 2000 Hz
for this model.
The reduction of the actual f-mode frequency in relation
to the PNS properties in our rotating model can be explained
by the angular momentum distribution in the progenitor
(and hence in the PNS).
In Figure 7, we show the spherically averaged specific
angular momentum j and the angular velocity ω of model
m39 at 100 ms, 400 ms and 800 ms after bounce. The progen-
itor exhibits a significant drop of j and ω from the Fe and
Si core to the O shell by a factor of several. This translates
into a steep negative gradient in j and ω in the PNS surface
region after the infall of the Si/O shell interface. This steep
gradient remains stable and even steepens despite the fact
that the PNS surface region loses angular momentum into
the ejecta region due to shear instabilities. 1
Such a negative angular momentum gradient counter-
acts the stabilisation of the PNS surface region by the posi-
tive entropy gradient. The oscillation frequency N of a dis-
placed bubble is modified according to the Solberg-Høiland
criterion,
N2 = N2BV +
1
$3
∂ j2
∂$
sin θ, (2)
where NBV = 2pi f is the Brunt-Va¨isa¨la¨ frequency, and
$ = r sin θ is the distance from the rotation axis. The
actual reduction of the f-mode frequency that dominates
the gravitational-wave emission can only be inferred from
a full eigenmode analysis, but since we clearly find that the
Rayleigh discriminant Nω = ($−3∂ j2/∂$)1/2 reaches values
comparable to NBV, rotational destabilisation will reduce the
mode eigenfrequency considerably, which explains the unex-
pectedly low frequencies in the spectrogram of model m39.
This has important implications for the interpretation
of gravitational-wave spectrograms. It has been suggested
that universal relations for the mode frequencies akin to
Equation (1) can be used to constrain PNS parameters
(Torres-Forne´ et al. 2019) using the spectrogram for non-
rotating progenitors. Since Equation (1) no longer holds for
rapidly rotating progenitors, it will be considerably more
1 In addition, angular momentum conservation is imperfect in the
core region inside a radius of ∼10 km that we simulate in spherical
symmetry, the core region spins down significantly as can be seen
from Fig. 7. This may also indirectly lead to a deceleration of
the rotation in the PNS surface region, i.e. our model may actu-
ally underestimate the angular momentum gradient at the PNS
surface.
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Figure 6. The gravitational-wave emission for our models as measured at the pole (left) and the equator (right). Top is model m39,
middle is model s18np, and bottom is model y20. All models show the rise of gravitational-wave frequency with time associated with the
f-mode, and strong prompt convection at the polar observer angles. Model s18np also shows low frequency SASI modes. All models have
their highest amplitudes within the first 0.5 s after bounce. The rotation in model m39 results in very high amplitude gravitational-wave
emission.
difficult to constrain the PNS mass, radius, and surface tem-
perature using measured mode frequencies in this case.
Model s18np shows lower frequency gravitational-wave
emission due to SASI. The gravitational-wave frequency of
the SASI roughly follows the SASI frequency, which is well
described by
fsasi =
1
19 ms
(
Rsh
100 km
)−3/2
ln
(
Rsh
Rpns
)−1
(3)
where Rsh is the shock radius and Rpns is the radius of the
PNS (Mu¨ller & Janka 2014). The frequency is in the most
sensitive range for ground based gravitational-wave detec-
tors. The SASI features are present in the gravitational-wave
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Figure 7. (Left) The angular momentum of model m39 as a function of radius and mass coordinate at 100 ms, 400 ms and 800 ms after
bounce. (Right) The angular velocity of model m39 as a function of radius at 100 ms, 400 ms and 800 ms after bounce.
signal for a longer duration than in some other recent 3D
models (Kuroda et al. 2016; Andresen et al. 2017, 2019),
due to our longer simulation time and the lack of shock re-
vival in this model. As a consequence, the frequency of the
SASI signal reaches up to ∼400 Hz.
6.1 Detection prospects
In Figure 8, we show the amplitude spectral density (ASD)
of our models as measured at the pole and equator at a
distance of 100 kpc, and the ASD noise curves for current
and future ground-based gravitational-wave detectors. We
include design sensitivity curves for aLIGO and AdVirgo,
the Japanese underground detector KAGRA (Abbott et al.
2018), and two different proposed designs for ET referred
to as ET-B (Hild et al. 2008) and ET-D (Hild et al. 2011).
Model s18np has gravitational-wave emission across the en-
tire frequency bands of the detectors. Model y20 peaks at
higher frequencies where KAGRA and Virgo are less sensi-
tive. Model m39 has stronger high frequency emission at the
pole, and a stronger lower frequency signal at the equator
due to the high amplitude signal from the rotational bounce
and prompt convection.
We calculate the maximum distance out to which the
gravitational-wave emission from our models can be detected
in current and future gravitational-wave detectors. We as-
sume the threshold for detection is given by an optimal
matched filter signal to noise ratio (SNR) of 8, where the
optimal SNR is given by
SNR =
√
4
∑
i
h( fi)2
σ( fi) ∆ f (4)
where ∆ f is the frequency spacing, σ( fi) is the power spec-
tral density of the detector noise at frequency fi , and h( fi)
is the gravitational-wave signal in the frequency domain at
frequency fi (Cutler & Flanagan 1994).
The results for our models, using the gravitational-wave
emission at both the equator and pole observer directions,
are shown in Table 2. All models have higher maximum de-
tectable distances in the aLIGO detector than in AdVirgo
and KAGRA due to the better high frequency sensitivity of
the aLIGO detector. In current detectors, model s18np and
y20 are detectable only in our Galaxy. Model m39 reaches
a few hundred kpc, beyond the Large Magellanic Cloud at
50 kpc, and M31 at 77 kpc. The detection distances for m39
are comparable to those of the magnetorotational models2
in Gossan et al. (2016). Interestingly, the large detection
distances for m39 are only modestly direction-dependent
and do not rest very much on the rotational bounce sig-
nal. The detection distance varies by less than a factor of
two between the polar and equatorial direction. For an ob-
server in the equatorial plane, much of the SNR comes from
the low-frequency emission due to prompt convection, while
the long-duration high-frequency emission is the most im-
portant contribution in the polar direction. In the future
gravitational-wave detector ET, model m39 is detectable
out to almost 2 Mpc (i.e., through the Local Group), and
models y20 and s18np can be detected up to a few hundred
kpc. ET-B has better lower frequency sensitivity than ET-
D, which leads to large increase in detectable distance for
SASI-dominated signals like model s18np.
It is interesting to put these numbers into perspective
by comparing them to the estimated detection distances for
some other recent 3D supernova models, even though these
distances have sometimes been determined in a somewhat
different way. Maximum detection distances ∼ 15 kpc with
aLIGO and 150-300 kpc with 3G instruments have been re-
2 Some of these gravitational wave forms came from non-
magnetised models with rapid rotation that would presumably
result in magnetorotational explosions if efficient magnetic field
amplification processes operate during the post-bounce phase.
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Figure 8. The amplitude spectral density (ASD) of our three models at a distance of 100 kpc, and the predicted design sensitivity noise
curves of current and future ground-based gravitational-wave detectors. The left and right panel show the ASD for an observer in the
polar direction and the equatorial plane.
m39 pole m39 eqt s18np pole s18np eqt y20 pole y20 eqt
LIGO 190 kpc 119 kpc 14 kpc 22 kpc 32 kpc 32 kpc
Virgo 90 kpc 89 kpc 12 kpc 20 kpc 18 kpc 20 kpc
KAGRA 60 kpc 77 kpc 11 kpc 18 kpc 13 kpc 18 kpc
ET-B 1.9 Mpc 1.55 Mpc 190 kpc 320 kpc 330 kpc 370 kpc
ET-D 1.9 Mpc 1.21 Mpc 155 kpc 240 kpc 330 kpc 340 kpc
Table 2. The distance needed for our models to achieve an optimal signal to noise ratio of 8 in current and future ground based
gravitational-wave detectors. The better high-frequency sensitivity of aLIGO, where the f-mode emission has the strongest amplitudes,
results in larger detection distances than AdVirgo and KAGRA. ET-B is more sensitive to SASI emission than ET-D.
ported for most non-rotating 3D models (Andresen et al.
2017; Srivastava et al. 2019; Powell & Mu¨ller 2019). Our
non-rotating models are detectable to similar distances. For
a model with strong SASI activity, Kuroda et al. (2016)
found higher amplitudes that could allow detection out to
∼60 kpc with aLIGO. Our SASI-dominated model s18np does
not reach such high amplitudes, and it remains to be inves-
tigated further under which conditions the SASI could give
rise to significantly stronger gravitational-wave emission.
Several studies have already examined the detection
prospects for gravitational-wave emission from rotational
bounce and non-axisymmetric instabilities in rapidly rotat-
ing progenitors (Abdikamalov et al. 2014; Gossan et al. 2016;
Takiwaki & Kotake 2018; Shibagaki et al. 2019). Unsur-
prisingly, the maximum detection distance for our rapidly-
rotating model m39 is similar to these cases. It is interest-
ing, however, that such a strong signal can be obtained for
observers in the polar direction (who would not see any
bounce signal) and without the help of non-axisymmetric
instabilities. This complicates the interpretation of distant
gravitational-wave events. A high signal strength alone may
not be a telltale sign for the physics of the explosion, though
it would suggest that rapid rotation is involved. In par-
ticular, the spectrogram of model m39, which undergoes a
strong, but otherwise ordinary convectively-aided explosion,
is qualitative similar to the case of the low-T/|W | instabil-
ity (Shibagaki et al. 2019); suggesting that there may be
room for confusion between these scenarios in the event of
a gravitational-wave detection.
7 CONCLUSIONS
To survey the expected gravitational waveforms for super-
nova explosions, modern simulations of 3D neutrino-driven
explosions have yet to explore a broader range of the CCSN
progenitor parameter space. In order to better cover the
most promising regime for gravitational-wave detections, we
particularly need more simulations of massive and rotat-
ing progenitors, and longer simulations beyond the phase of
peak gravitational-wave emission. The systematics of explo-
sion and remnant properties also need to be explored more
thoroughly, in particular at the high-mass end of the pro-
genitor distribution.
In this paper, we therefore performed simulations of
three different high-mass progenitors, for a long enough
duration that we can produce robust predictions of the
gravitational-wave emission, the explosion energies, and the
remnant properties. These progenitors include a rotating
39 M Wolf-Rayet star, a non-rotating 20 M Wolf-Rayet
star, and an 18 M red supergiant.
Both of the Wolf-Rayet models develop neutrino-driven
explosions a few hundred milliseconds after core bounce,
whereas the 18 M model fails to explode without the help
of strong convective seed perturbations in agreement with
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an earlier simulation of the same model (Mu¨ller et al. 2017).
These results further strengthen the case for a regime of
relatively early shock revival in high-mass progenitors with
massive cores and oxygen shells (Ott et al. 2018; Burrows
et al. 2020).
The explosion energies for the two Wolf-Rayet stars are
still rising by the end of the simulation. The energetics of
the 20 M model is on track for a normal explosion with
an energy of 6 × 1050 erg and at a post-bounce time of 1.2 s,
which may yet increase to ∼1051 erg after a few more seconds.
By contrast, the rotating 39 M model has already reached
1051 erg, which is still increasing at a rate of 1051 erg s−1.
This demonstrates that the neutrino-driven mechanism can
produce powerful explosions and not only account for under-
energetic events. Since the net accretion rate onto the PNS
is already small in this model, the cycle of accretion and
mass ejection could presumably continue for several seconds
without black hole formation. Although longer simulations
are needed for verification, we speculate that several 1051 erg
could be reached. This suggests that neutrino heating might
even play an important subsidiary role in the early stages of
hypernova explosions by reviving the shock and delivering a
significant part of the hypernova explosion energy.
Different from other rotating 3D explosion models
(Takiwaki et al. 2016; Janka et al. 2016; Summa et al. 2018),
in the 39 M model the explosion occurs without help from
the spiral mode of the SASI or the low-T/|W | instability,
and is characterised by a bipolar outflow geometry that is
roughly aligned with the rotation axis. As a result, the PNS
spin and kick remain aligned within 30◦. This suggests that
rapid progenitor rotation should be explored further as a
possible explanation for spin-kick alignment, which cannot
be accounted for in non-rotating 3D models in a natural
manner (Wongwathanarat et al. 2013; Mu¨ller et al. 2019).
We also examine the gravitational-wave emission of
our models. The non-rotating models show the expected
emission features, with a spectrogram dominated by high-
frequency f/g-modes, as well as a strong low-frequency SASI
mode in the case of the 20 M progenitor. At first glance,
the 39 M model comports with this familiar picture as well,
but reveals a new, interesting effect of rapid rotation upon
closer inspection. The f-mode frequency is more than a fac-
tor of two lower than expected for the PNS parameters. The
reduced mode frequency can be explained by a negative an-
gular momentum gradient in the PNS surface region, which
counteracts the stabilising entropy gradient that normally
sets the f-mode frequency. The angular momentum gradient
can be traced back to differential rotation between the Si
and O shell in the progenitor, which is probably a generic
phenomenon since angular momentum transport across shell
boundaries is generally less efficient than within shells. At-
tempts to constrain PNS properties based on the mode fre-
quencies (Torres-Forne´ et al. 2019) will need to address the
potential impact of rotation in future.
We estimate the distance to which the gravitational-
wave emission of our models could be detected by current
ground-based gravitational-wave detectors at design sensi-
tivity, and by the future Einstein Telescope. Due to rapid
rotation and its high explosion energy, the amplitude of the
39 M model is large enough for it to be detected to a dis-
tance of almost 2 Mpc in the Einstein Telescope. Interest-
ingly, the detection distance does not depend very much on
the observer direction, since f/g-mode excitation contributes
to the SNR to a similar degree as the rotational bounce sig-
nal.
Our new models add further confidence that the
neutrino-driven scenario can explain a broader range
of explosion properties and produce rather powerful
gravitational-wave signals in some cases. Further simulations
with complementary simulation methodologies, as well as
more extensive parameter studies are needed to corroborate
these optimistic findings.
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